Human monocytic ehrlichiosis (HME) is an emerging tick-borne zoonosis in the United States (12) . It is an acute febrile systemic disease that can cause severe and potentially fatal disease, especially in immunocompromised and elderly people (12, 34) . The etiologic agent of HME is Ehrlichia chaffeensis, which belongs to the family Anaplasmataceae (11) . In North America, the major vector of E. chaffeensis is the Lone Star tick, Amblyomma americanum, and the white-tailed deer is considered to be the major reservoir of E. chaffeensis (14, 26) .
E. chaffeensis is a gram-negative, obligatory intracellular bacterium which has tropism for monocytes/macrophages. The entry and proliferation of E. chaffeensis involve host caveolae, glycosylphosphatidylinositol-anchored proteins, and incorporation of cholesterol into the bacterial membrane (25) . After internalization by host monocytes, E. chaffeensis has the ability to subvert the hostile environment by residing in an early endosome-like compartment, which does not fuse with lysosomes (3) . As an obligate intracellular bacterium, E. chaffeensis needs to exchange nutrients and metabolites with the host cell cytoplasm. These events are ehrlichial surface related. However, the corresponding bacterial surface components have not been characterized.
Studies on bacteria from the family Anaplasmataceae have revealed an important role for the bacterial outer membrane proteins (OMPs) in the stimulation of the host immune response and protection of the host from infection. Immunization with recombinant P28 (one of the major OMP-1/P28 family members) protected mice from E. chaffeensis challenge (33) . Immunization of calves with Anaplasma marginale OMPs induced stronger protection against challenge compared to individual major surface proteins, e.g., MSP-1 and MSP-2 (1, 6, 35, 36, 48) . Along this line, efforts have been made to identify the global composition of A. marginale outer membrane immunogens (28) .
Polyclonal antibodies against E. chaffeensis or monoclonal antibody against OMP-1g (P28) mediated protection of SCID mice from E. chaffeensis fatal infection (24, 53) . While many E. chaffeensis antigenic protein bands have been revealed by Western blotting with whole organisms (7, 8, 42) , bacterial surface exposure of E. chaffeensis antigens or proteins other than P28 (33) , gp47 (13) , and gp120 (39) has not been determined.
Despite the importance of E. chaffeensis surface proteins as a critical interface for pathogen-host interactions, as mentioned above, there has been no systematic investigation of the surface proteins of E. chaffeensis. Therefore, this study focused on the characterization of E. chaffeensis major surface proteins via surface biotinylation with cleavable sulfosuccinimidyl-2-[biotinamido]ethyl-1,3-dithiopropionate (Sulfo-NHS-SS-Biotin) labeling (17, 45) , streptavidin affinity purification of biotinylated proteins, and identification of the purified proteins by proteomic analysis with the recently published E. chaffeensis genome sequence database (20) . Bacterial surface exposure of two proteins was confirmed by immunofluorescence microscopy with surfaceexposed-epitope-specific antibodies.
MATERIALS AND METHODS
E. chaffeensis and cell culture. The E. chaffeensis Arkansas strain (11) was propagated in THP-1 cells, a human monocytic leukemia cell line, in RPMI 1640 medium (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (US Bio-Technologies, Parkerford, PA) and 2 mM L-glutamine (Invitrogen) in a humidified 5% CO 2 -95% air atmosphere at 37°C. No antibiotic was used throughout the study. The degree of bacterial infection in host cells was assessed by Diff-Quik staining (Baxter Scientific Products, Obetz, OH) of cytocentrifuged preparations. When more than 90% of the cells were infected, cells were collected and centrifuged at 500 ϫ g for 10 min. The cell pellet was resuspended in RPMI 1640 medium at 2 ϫ 10 6 cells/ml and homogenized with a 40-ml type B Dounce grinder (Kontes Glass, Vineland, NJ). The homogenized suspension was subjected to centrifugation at 500 ϫ g for 5 min, and the supernatant was collected and further purified consecutively through a 5-m-pore-size, 25-mmdiameter GD/X glass microfiber syringe filter (Whatman, Florham Park, NJ) and a 0.8-m-pore-size Millex-AA filter (Millipore, Billerica, MA). The filtrate was then centrifuged at 10,000 ϫ g for 10 min. The pellet containing the host cell-free viable E. chaffeensis was used immediately for biotinylation. The number of purified organisms was estimated as previously described (54) .
Cell surface biotinylation. Biotinylation of E. chaffeensis with sulfosuccinimidyl-6-[biotin-amido]hexanoate (Sulfo-NHS-LC-Biotin; Pierce, Rockford, IL) or Sulfo-NHS-SS-Biotin (Pierce) was performed according to the manufacturer's instructions. Purified host cell-free bacteria (2 ϫ 10 9 ) were washed three times in phosphate-buffered saline (PBS; 137 mM NaCl, 4.7 mM KCl, 9.32 mM Na 2 HPO 4 , 0.68 mM NaH 2 PO 4 [pH 8.0]) containing 1 mM MgCl 2 (PBS 2ϩ ) by centrifugation at 8,000 ϫ g for 3 min at 4°C. Bacterial pellets were resuspended in 1 ml PBS 2ϩ containing 1 mg Sulfo-NHS-LC-Biotin or Sulfo-NHS-SS-Biotin. The biotinylation reaction was performed at 4°C for 30 min. Free biotin was quenched by washing in 500 mM glycine-PBS three times. Bacterial lysates were obtained by brief sonication of biotin-labeled bacteria in radioimmunoprecipitation assay (RIPA) buffer (25 mM Tris-HCl [pH 7.6], 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS]) containing a 1:100 dilution of protease inhibitor cocktail set II (Calbiochem, San Diego, CA). Lysates were incubated on ice for 30 min with occasional gentle vortexing. For preparing the Sulfo-NHS-SS-Biotin-labeled bacterial lysates, additional oxidized glutathione (100 M) was added to the RIPA buffer to protect the disulfide bonds in Sulfo-NHS-SS-Biotin (45) . The biotinylated bacterial lysates were cleared by centrifugation at 16,000 ϫ g for 10 min at 4°C. Glycerol was added to the supernatant at a final concentration of 10%. The biotinylated bacterial lysates were then stored at Ϫ80°C. As a negative control of ruptured bacteria, bacteria were lysed in PBS containing 0.5% NP-40 with brief sonication prior to Sulfo-NHS-LC-Biotin labeling.
Streptavidin affinity purification of biotinylated proteins. The biotinylated proteins were purified as previously described (44, 45) , with some modifications. Briefly, 300 l of streptavidin-agarose gel (Pierce) was washed three times with wash buffer A (25 mM Tris-HCl [pH 7.6], 0.15 M NaCl, 0.5% NP-40, 0.5% sodium deoxycholate, 0.05% SDS) and then mixed with the Sulfo-NHS-SSBiotin-labeled bacterial lysate. The bacterial lysates and streptavidin-agarose gel were incubated on ice for 2 h. The mixture was then centrifuged at 500 ϫ g for 1 min, and the supernatant was discarded. The gel slurry was transferred to an Ultrafree-MC centrifugal filter device (Durapore polyvinylidene difluoride [PVDF], 5.0-m pore size; Millipore). Unbound proteins were washed away with buffer B-1 (25 mM Tris-HCl [pH 7.6], 0.65 M NaCl, 0.1% NP-40) twice, followed by one washing with buffer B-2 (25 mM Tris-HCl [pH 7.6], 1.15 M NaCl, 0.1% NP-40) and one washing with Tris-HCl buffer (25 mM Tris-HCl [pH 7.6], 0.15 M NaCl) at 200 ϫ g for 15 s. The captured bacterial proteins were eluted from streptavidin-agarose with 5% 2-mercaptoethanol-PBS at 30°C for 30 min. Elution in 5% 2-mercaptoethanol-PBS was repeated three times. The eluates were pooled, and proteins were precipitated in 10% trichloroacetic acid on ice as described previously (18) . The precipitates were pelleted by centrifugation at 18,000 ϫ g for 10 min. The protein pellet was washed once in cold acetone and air dried. The pellet was then dissolved in SDS-polyacrylamide gel electrophoresis (PAGE) sample buffer (50 mM Tris-HCl [pH 6.8], 5% 2-mercaptoethanol, 2% SDS, 0.1% bromophenol blue, 10% glycerol), boiled for 5 min, and stored at Ϫ80°C.
Proteomic analysis. The streptavidin-agarose affinity-purified proteins were separated by 10% SDS-PAGE. The proteins in five relatively abundant bands were identified by the Mass Spectrometry and Proteomics Facility (Campus Chemical Instrument Center, The Ohio State University). Briefly, bands were excised from the gel and digested with sequencing grade trypsin (Promega, Madison, WI) or chymotrypsin (Roche, Indianapolis, IN) with the Montage In-Gel Digestion Kit (Millipore) by following the manufacturer's recommended protocols. Capillary liquid chromatography-nanospray tandem mass spectrometry (Nano-LC/MS/MS) was performed on a Thermo Finnigan LTQ mass spectrometer equipped with a nanospray source operated in positive-ion mode. The LC system was an UltiMate Plus system (LC-Packings A Dionex Co., Sunnyvale, CA) with a Famos autosampler and a Switchos column switcher. Five microliters of each digested sample was first injected into the trapping column (LC-Packings A Dionex Co.) and washed with 50 mM acetic acid. The injector port was switched to inject, and the peptides were eluted off of the trap onto the column. A ProteoPep II C 18 column (5 cm by 75 m [inside diameter]; New Objective, Inc., Woburn, MA) packed directly in the nanospray tip was used for chromatographic separations. Peptides were eluted directly off the column into the LTQ system with a gradient of 2 to 80% acetonitrile over 50 min and a flow rate of 300 nl/min. The scan sequence of the mass spectrometer was programmed for a full scan, a zoom scan to determine the charge of the peptide, and an MS/MS scan of the most abundant peak in the spectrum. Sequence information from the MS/MS data was processed with Mascot Distiller to form a peaklist (.mgf file) and with the MASCOT MS/MS search engine and Turbo SEQUEST algorithm in the BioWorks 3.1 Software.
Two-dimensional (2-D) structure prediction and surface localization of OMP-1A and OMP-1N by immunofluorescence microscopy. Two OMP-1/P28 paralogs, OMP-1A and OMP-1N, were chosen to verify their surface localization by immunofluorescence microscopy. To design peptides for developing antibodies recognizing extracellular epitopes, transmembrane ␤ strands of OMP-1A and OMP-1N and their topology with respect to the outer membrane lipid bilayer were predicted by the posterior decoding method at the PRED-TMBB web server (http://bioinformatics.biol.uoa.gr/PRED-TMBB) (2) . PRED-TMBB is a web server capable of predicting the transmembrane strands and topology of ␤-barrel OMPs of gram-negative bacteria, which is based on a hidden Markov model. It is trained with nonhomologous OMPs with structures known at atomic resolution according to the conditional-maximum-likelihood criterion (2) .
Two relatively highly antigenic and hydrophilic peptide fragments, located within one of the extracellular loops predicted by PRED-TMBB, were chosen from the OMP-1A and OMP-1N amino acid sequences on the basis of Protean analysis in the DNASTAR software (DNASTAR Inc., Madison, WI). The 15-mer peptide CDLKDGFFEPKAEDT, where the underlined sequence corresponds to 14 amino acids (aa) of OMP-1A (aa 154 to 167), and the 15-mer peptide CEISGGSNNPANNKY, where the underlined sequence corresponds to OMP-1N aa 142 to 155, were synthesized and conjugated to keyhole limpet hemocyanin, and rabbit antibodies were developed by Sigma Genosys (St. Louis, MO). According to BLAST search results for short, nearly exactly matching sequences in the NCBI nonredundant database, each of these two peptide sequences is unique and has little to no homology to any other known proteins (E Ͼ 10).
For immunofluorescence microscopic analysis of the surface localization of E. chaffeensis OMP-1A and OMP-1N, organisms were fixed by the paraformaldehyde method (18, 52) . Briefly, host cell-free bacteria were pelleted and washed in PBS. All subsequent steps were performed at room temperature. Bacteria were fixed in 2% paraformaldehyde for 45 min. After quenching in PBS (137 mM NaCl, 2.68 mM KCl, 10 mM Na 2 HPO 4 , 1.76 mM KH 2 PO 4 [pH 7.4]) containing 0.1 M glycine and subsequent washing in PBS, bacteria were incubated with a 1:100 dilution of rabbit antiserum against OMP-1A, rabbit antiserum against OMP-1N, rabbit preimmune serum, or rabbit antiserum against an irrelevant peptide in PG buffer (0.2% gelatin in PBS) for 1 h. After being washed in PG buffer, the bacteria were labeled with Alexa Fluor 488 goat anti-rabbit immunoglobulin G (IgG; Invitrogen) at a dilution of 1:100 in PG buffer for 1 h. The bacteria were washed in PG buffer, resuspended in PBS, and observed with a Nikon Eclipse E400 fluorescence microscope with a xenon-mercury light source (Nikon Instruments, Melville, NY). For an uninfected host cell control, THP-1 cells were fixed in paraformaldehyde as mentioned above or in cold methanol for 5 min.
Western blotting analysis. Protein samples were subjected to 10% SDS-PAGE and transferred to PVDF membranes (Westran S; Schleicher & Schuell BioScience, Keene, NH). Recombinant E. chaffeensis OMP-1B (full length with no signal peptide cloned into pET29a between the [5Ј] NdelI and [3Ј] XhoI sites) was used. The membrane was incubated with rabbit antiserum against OMP-1B peptide CEAPINGNTSITKKV (OMP-1B sequence underlined), human ehrlichiosis patient serum (42), or sera from experimentally E. chaffeensis-infected, specific-pathogen-free dogs at a dilution of 1:200 at 4°C overnight. The membranes were washed in TBST (15 mM NaCl, 5 mM Tris-HCl [pH 7.4], 0.02% Tween 20) four times for 10 min each time, which was followed by incubation with horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (heavy plus light chains); anti-human IgA, IgM, and IgG; or anti-dog IgG(␥) (KPL, Gaithersburg, MA) at a 1:1,000 dilution at room temperature for 1 h. For the biotin blot, the membrane was incubated with 1:1,000-diluted, HRP-conjugated streptavidin (Invitrogen) at room temperature for 1 h. The blots were then washed in TBST four times for 10 min each time and developed by the enhanced-chemiluminescence technique (Pierce). 
RESULTS
Detection of biotinylated proteins. Since the Sulfo-NHS-LCBiotin or Sulfo-NHS-SS-Biotin labeling reagent is charged by the sodium sulfoxide group on the succinimidyl ring, it is water soluble and membrane impermeable, which makes the reagent suitable for labeling of cell surface proteins via reaction with primary amines (10, 17) . Because of the extremely strong affinity between biotin and avidin (dissociation constant of roughly 10 Ϫ15 M, i.e., ϳ1 fM), it is not possible to efficiently separate the complex and isolate Sulfo-NHS-LC-Biotin-labeled proteins. Considering this, Sulfo-NHS-SS-Biotin has the advantage of enabling isolation of biotin-labeled cell surface proteins by streptavidin affinity chromatography via cleavage with a reducing agent (45) . Since the biotin residue is removed after cleavage with a reducing agent, biotin would no longer interfere with detection of the protein mass, which makes Sulfo-NHS-SS-Biotin suitable for proteomics. This feature nonetheless prohibits the use of reducing agents in the SDS-PAGE sample buffer when observing Sulfo-NHS-SS-Biotinlabeled proteins via biotin blotting, which makes molecular size pattern discrimination inaccurate. Therefore, we first labeled host cell-free E. chaffeensis with Sulfo-NHS-LC-Biotin with a spacer arm length similar to that of Sulfo-NHS-SSBiotin (22.4 and 24.3 Å, respectively) to determine the approximate molecular sizes of biotinylated proteins in the presence of a reducing agent. The biotinylated proteins were blotted onto the membrane and probed with HRP-conjugated streptavidin. As shown in Fig. 1 , Sulfo-NHS-LC-Biotin labeling revealed E. chaffeensis surface proteins with approximate molecular masses of 22, 28, 29, 36, 38, 40, 47, 55, 60, 75, 80, 90, 120 , and 200 kDa (lane 1). As described above, to preserve the disulfide bonds in Sulfo-NHS-SS-Biotin, there was no reducing agent added to the sample buffer of Sulfo-NHS-SS-Biotinlabeled proteins (Fig. 1, lane 3) . The biotinylation of lysed E. chaffeensis (Fig. 1, lane 2) showed much more proteins labeled compare to the selective surface labeling (Fig. 1, lane 1) .
Streptavidin affinity purification of biotinylated E. chaffeensis surface proteins. To identify biotinylated E. chaffeensis surface proteins, Sulfo-NHS-SS-Biotin-labeled intact host cellfree bacteria were solubilized in RIPA buffer. The biotinylated proteins were purified by streptavidin affinity gel chromatography. The disulfide bond in Sulfo-NHS-SS-Biotin was cleaved with the reducing agent to elute the streptavidin affinity-captured proteins. The eluted proteins were separated by SDS-PAGE. As shown in Fig. 2A , with GelCode blue protein staining in the SDS-PAGE (with the reducing agent in the sample buffer), there were five bands of relatively abundant proteins corresponding to molecular masses of approximately 28, 40, 55, 60, and 80 kDa. The proteins with similar molecular masses were detected by Sulfo-NHS-LC-Biotin surface labeling (Fig.  1, lane 1) .
Immunogenicity of E. chaffeensis surface proteins. While there was some banding pattern variation across human and dog sera, the human ehrlichiosis patient serum (lane 1) provided by the Centers for Disease Control and Prevention (CDC, Atlanta, GA) (42), dog 3918815 anti-E. chaffeensis Arkansas serum (lane 2), and dog 1425 anti-E. chaffeensis St. Vincent serum (34) (lane 3) all recognized E. chaffeensis surface proteins with molecular masses of approximately 28 kDa (Fig. 2B) . In addition, the human ehrlichiosis patient serum 
FIG. 2. (A)
Streptavidin-agarose gel affinity purification of Sulfo-NHS-SS-Biotin-labeled E. chaffeensis surface proteins. Sulfo-NHS-SSBiotin-labeled E. chaffeensis surface proteins were streptavidin affinity purified, separated by 10% SDS-PAGE, and stained with GelCode blue. Bands 1 to 5 were subjected to Nano-LC/MS/MS analysis. Lane M (marker), Precision Plus prestained protein standards (Bio-Rad). (B) Western blotting analysis of isolated E. chaffeensis surface proteins. Sulfo-NHS-SS-Biotin-labeled E. chaffeensis surface proteins were streptavidin affinity purified, separated by 10% SDS-PAGE, transferred to PVDF membrane, and incubated with HME patient or experimentally infected dog sera. Lane 1, HME patient serum (CDC Fig. 3 ). Every OMP-1/P28 paralog was identified by the detection of paralog-specific sequences. This was verified by a BLAST search of each peptide against the entire E. chaffeensis annotated genome sequencing data (20) , as indicated by percent paralog-specific amino acid sequence coverage in Table 1 . For these OMP-1/P28 paralogspecific peptide sequences, see Table S1 in the supplemental material. Except for P28 (YP_507927) and P28-1 (Ohashi's designation; YP_507928) (33, 46) , 17 of these 19 OMP-1/P28 family proteins have not been directly proven to be expressed at the protein level. Except for P28, surface exposure of other OMP-1/P28 family proteins has not been shown previously.
The conjugal transfer protein VirB9-1 (YP_506875), a type IV secretion system subunit, was detected from band 1. The VirB9-1 ortholog (YP_505897) has been shown to be surface exposed on Anaplasma phagocytophilum (31) but previously was not observed on the surface of E. chaffeensis.
A protein from the serine protease DO/DeqQ family (YP_507837) was detected from band 3. This is the first time the surface exposure of a member of this protein family was shown on E. chaffeensis. The identification of the immunodominant surface protein gp47 (AAZ40202) is in agreement with the recent proposal of this protein as surface exposed on the basis of immunoelectron microscopy (13) . This protein migrated as band 3, with a molecular mass of approximately 50 kDa (Fig. 2) , which was much different from its predicted molecular mass of 33,040 Da. The major protein in band 4 was the 60-kDa chaperonin GroEL (YP_507185). Band 5 contained OMP85 (YP_507856), which is conserved in gram-negative bacteria (51) but has not been shown to be expressed or surface exposed on E. chaffeensis. For the first time, the hypothetical protein ECH_0525 (YP_507340), here named Esp73 (Ehrlichia surface protein, 73 kDa), was revealed to be surface exposed. Esp73 is an ortholog of A. phagocytophilum hypothetical proteins APH_0404 and APH_0405, newly uncovered surface-exposed proteins (Y. Ge and Y. Rikihisa, unpublished data). Band 2, corresponding to approximately 40 kDa, was host cell ␤-actin (NP_001092) (not shown in Table 1 ). As shown in Table 1 , some E. chaffeensis proteins of relatively low abundance also were identified in this study, such as translation elongation factor G (YP_507748) (band 5), the ATP synthesis F1 ␤ subunit (YP_507384) (band 4), dihydrodipicolinate reductase (YP_507114) (band 1), disulfide oxidoreductase (YP_507114) (band 1), and the antioxidant ApC/Tsa family (YP_507536) (band 1).
2-D structure prediction and surface localization of OMP-1A and OMP-1N. The transmembrane ␤ strands of OMP-1/P28 paralogs and their topology with respect to the outer membrane lipid bilayer have not been reported. We examined the 2-D structures of OMP-1A and OMP-1N, which were phylogenetically distinct and have acidic and alkaline isoelectric points, respectively (32) . Both proteins have a 2-D structure of amphipathic and antiparallel multipass transmembrane ␤ strands (Fig. 4A and B) predicted by the posterior decoding method with the dynamic programming algorithm in PRED-TMBB (2) .
To verify the localization of OMP-1A and OMP-1N on the surface of E. chaffeensis, peptides of OMP-1A (aa 154 to 167) (Fig. 4A) and OMP-1N (aa 142 to 155) (Fig. 4B ) located within one of the extracellular loops on the basis of 2-D structure prediction were synthesized and rabbit antibodies were developed. Host cell-free E. chaffeensis was prefixed with paraformaldehyde to prevent antibody permeabilization, incubated with either anti-OMP-1A or -OMP-1N peptide serum, and examined by immunofluorescence microscopy. As shown in Fig. 4C , the OMP-1A peptide antiserum labeled the surface of individual bacteria in the typical ring-like surface staining pattern, as observed with A. phagocytophilum surface protein P44 (52); so did the OMP-1N peptide antiserum. In contrast, antiserum from a rabbit immunized with an irrelevant peptide (Fig. 4C) and preimmune rabbit serum (data not shown) did not recognize E. chaffeensis. As a negative control, uninfected THP-1 cells fixed with paraformaldehyde were incubated with anti-OMP-1A and -OMP-1N peptide sera. The result showed no significant fluorescence labeling (data not shown). Uninfected THP-1 cells were also fixed with methanol to permeabilize the cells. These THP-1 cells had diffuse and insignificant fluorescence labeling with OMP-1A (Fig. 4C) and OMP-1N (data not shown) peptide antisera compared to cell-free E. chaffeensisspecific surface labeling. The data indicated that the antibody labeling of the E. chaffeensis surface OMP-1A and OMP-1N proteins was specific and thus confirmed their surface localization, as identified by the biotinylation method in this study (Table 1) . Hence, immunofluorescence labeling results for OMP-1A and OMP-1N with rabbit antiserum against each peptide experimentally validated the 2-D prediction of bacterial surface exposure of the particular peptide region by PRED-TMBB.
Expression of OMP-1B by E. chaffeensis cultured in THP-1 cells. Among the E. chaffeensis OMP-1/P28 family proteins, OMP-1B, OMP-1T, and P28-2 (Ohashi's designation) were not detected by surface biotinylation (Fig. 3) . Since OMP-1B is the only OMP-1/P28 paralog detected at the translational level in ISB6 tick cell culture (46) or at the transcriptional level in ticks (49) , to determine whether the OMP-1B protein was expressed by E. chaffeensis cultured in THP-1 cells, Western blot analysis of OMP-1B with rabbit anti-OMP-1B peptide serum was performed. In lane 1 of Fig. 5 , there was no detectable OMP-1B band around 28 kDa in E. chaffeensis-infected THP-1 cells. To verify the reactivity of anti-OMP-1B peptide serum, BL21(DE3) competent cells were transformed with recombinant pET29a-omp-1B or the pET29a vector with no insert and expression of proteins was induced with isopropyl-␤-D-thioga- 
DISCUSSION
By a surface biotinylation method, the present study uncovered many E. chaffeensis proteins that had not been shown previously to be surface exposed ( Table 1 ). Detection of two proteins known to be surface exposed, P28 and gp47, by surface biotinylation attests to the utility of this method. OMP-1/ P28 family proteins are the most abundantly expressed E. chaffeensis surface-exposed integral membrane proteins. For the first time, 18 out of 21 E. chaffeensis OMP-1/P28 family proteins have been shown to be surface exposed and 17 have been detected directly at the protein level.
Since surface proteins of bacteria in the family Anaplasmataceae are exposed to the host immune system, they compose immunodominant antigens (23, 29, 37) . P28 (33) and gp120 (56) have been shown immunogenic in HME patients, and gp47 (13) has been shown to be immunoreactive with E. chaffeensis-infected dog serum. By Western blotting analysis with whole bacterial lysates, a series of E. chaffeensis immunoreactive proteins have been reported as approximately 74-, 70-, 64-, 47-, 31-, and 29-kDa proteins (42) and those with molecular masses of approximately 200, 120, 66, 58, 55, 29, 28, and 22 kDa (7, 8) . However, surface exposure of these proteins or the identities of these proteins have been mostly unknown. In the present study, the major immunoreactive E. chaffeensis proteins with molecular masses of approximately 75, 60, and 55 kDa for the first time have been shown to be surface exposed. Therefore, the newly identified proteins have advanced the knowledge of E. chaffeensis surface immunogens, which extends the range of candidates for diagnostic antigens and vaccine development.
OMP-1/P28 family members are the most-studied E. chaffeensis OMPs with multiple transmembrane ␤ strands. They are encoded by a pleomorphic multigene family composed of 22 paralogous genes clustered in a 27-kb gene locus of the E. chaffeensis genome (32) . The gene organization and the genomic locus of the E. chaffeensis omp-1/p28 gene cluster are conserved among Ehrlichia species such as Ehrlichia canis (32) and Ehrlichia ruminantium (4) . The mRNA expression of various numbers of the omp-1/p28 gene family has been reported in E. chaffeensis growing in DH82 cells, e.g., in 1 of 5 (40), 6 of 10 (55), and 16 of 22 (27) In contrast, few studies have been undertaken concerning the protein expression of OMP-1/P28 family members. By enzyme-linked immunosorbent assay with synthetic peptides of P28 OMPs (OMP-1/P28 paralogs) as antigens, Zhang et al. have reported that all 22 P28 OMPs are expressed in infected dogs (57) . By N-terminal amino acid sequencing, Ohashi et al. directly detected P28 expression by E. chaffeensis in DH82 cells (33) . Recently, by proteomic analysis, two OMP-1/P28 family members, P28-Omp19 (Ohashi's P28) and P28-Omp20 (Ohashi's P28-1), were identified in E. chaffeensis cultured in DH82 cells (46) . In the present study, 19 E. chaffeensis OMP-1/P28 proteins (cultured in THP-1 cells), including P28 and P28-1 (Ohashi's designation), were directly identified by proteomics. These 19 OMP-1/P28 family proteins coexist in E. chaffeensis cultured in THP-1 cells. Considering the cotranscription of most of the omp/p30 paralogs in DH82 cells (32) and the fact that most of the E. chaffeensis organisms in a given bacterial population express the P28, OMP-1A, or OMP-1N protein, it is possible that each organism expresses more than one of these proteins. Furthermore, it is also possible that each individual organism expresses different combinations of them but that in a given bacterial population, all 19 OMP-1/P28 family proteins are expressed. Western blotting data on OMP-1B suggest that it is not expressed by E. chaffeensis cultured in THP-1 cells at 37°C. Of note, OMP-1B is the only omp-1/p28 paralog transcript detected in three developmental stages of A. americanum ticks before or after E. chaffeensis transmission to naive dogs (49) . The P28-Omp14 (Ohashi's OMP-1B) protein was also the only OMP-1/P28 paralog detected by proteomics in E. chaffeensis cultured in a tick cell line, ISE6 (46) . In the present study, besides OMP-1B, OMP-1T and P28-2 (Ohashi's designation) were the other two OMP-1/ P28 family members not detected by surface biotinylation, suggesting that these two proteins are either not expressed at a detectable level or not surface exposed by E. chaffeensis cultured in THP-1 cells at 37°C. Therefore, the present data favor the notion that the E. chaffeensis OMP-1/P28 multigene family is differentially expressed in mammalian and tick hosts, which may be important for ehrlichial adaptation to different host environments (46, 49) . Recently, Zhang et al. proposed that the expression of P28-19 (Ohashi's P28) was up-regulated in E. chaffeensis reticulate cells and down-regulated in dense-cored cells (58) . In future studies, it would be of interest to determine the global pattern of surface-exposed proteins during the de- P28-1Ј, P28-1, -2, -3, -4, -5, -6, -7,  -8, -9, -10, -11, -12, -13, -14, -15, -16, -17, -18, -19, -20, and -21 (Ge and Rikihisa, unpublished) . Except for the genus Neorickettsia, the orthologs have been found in the genera Anaplasma, Ehrlichia, and Wolbachia in the family Anaplasmataceae by BLAST search of the GenBank database with an E value below e Ϫ15 , suggesting evolutionary pressure for conservation within the family (Ge and Rikihisa, unpublished) .
The theoretical molecular mass of the immunodominant surface protein gp47 is different from the migration distance in a 10% SDS-PAGE gel (Table 1 and Fig. 2 ). It has been proposed that this is caused by protein glycosylation (13) . Recombinant gp47 has been shown to be immunoreactive with serum from an E. chaffeensis-infected dog (13) . gp47 was differentially expressed at different developmental stages in DH82 cell culture (13) . gp47 does not have a signal peptide on the basis of prediction by the SignalP 3.0 program, suggesting that it is not secreted by the conventional Sec-dependent pathway. Therefore, how this protein is secreted to the bacterial surface remains to be investigated. The E. chaffeensis serine protease (YP_507837), with a definitive N-terminal signal peptide sequence predicted by SignalP 3.0, was identified as a surface-exposed protein in the present study. There are reports of serine proteases existing on the surfaces of other bacteria. For example, serine protease HtrA (high-temperature requirement) has been described as a surface-exposed protease on Staphylococcus aureus (41) . This protein homolog is involved in the virulence of many pathogens via its roles in thermal stability, resistance to oxidative stress, and bacterial survival (9) . It would be interesting to characterize the function of this protein.
Some proteins which were considered bacterial cytoplasmic, periplasmic, or inner membrane proteins were identified in the present study, such as chaperone protein GroEL, DnaK, translation elongation factor G, cytosol aminopeptidase, disulfide oxidoreductase, and ATP synthase F1. These proteins may have been released from spontaneously lysed bacteria and bound to the intact bacteria within the host inclusions. Another possibility is that some bacterial outer membrane are damaged during the isolation of cell-free bacteria before biotin labeling. However, the surface localization and some surface-related function of these proteins have been reported in other bacteria. For example, by immunofluorescence or immunoelectron microscopy, GroEL has been shown on the surfaces of Helicobacter pylori (22) , Legionella pneumophila (16) , Haemophilus ducreyi (15) , and Clostridium difficile (19) . DnaK was detected on the surface of H. pylori (22) . Evidence for specific secretion rather than autolysis has been reported in the release of some H. pylori proteins, including GroEL (50) . H. ducreyi GroEL has been reported to mediate the binding of this bacterium to host carbohydrate receptors (38) . Cytosol aminopeptidase has been found in the outer membrane fraction of A. marginale (28) . Disulfide oxidoreductase of E. chaffeensis (eDsb) has been occasionally observed on the bacterial surface by immunoelectron microscopy (30) . Recently, elongation factor G and the ATP synthase F1 alpha and beta subunits have been detected on the cell envelope of S. aureus (17) . Therefore, we cannot deny the possibility that these proteins with well-known functions in the cytoplasmic, periplasmic, or inner membrane are present on the surface of E. chaffeensis and play unexpected roles in E. chaffeensis-host interaction. One obvious host protein band captured by streptavidin affinity purification was ␤-actin, which is one of the most abundant cytoskeleton proteins of eukaryotic cells. This may be due to the binding of host cell actin to bacterial surface proteins during the isolation of host cell-free bacteria or via a functional association. Actin association with various strains of A. marginale was previously reported (47) .
Biotinylation of the E. chaffeensis surface showed a series of protein bands labeled with Sulfo-NHS-LC-Biotin. Of note, the density of each band of Sulfo-NHS-LC-Biotin-labeled E. chaffeensis surface proteins (Fig. 1) was different from the density of the corresponding band in Sulfo-NHS-SS-Biotinlabeled and streptavidin affinity-purified proteins ( Fig. 2A) . This is because the band density of biotin blotting (Fig. 1) is determined not only by protein abundance but also by the amounts of surface-exposed free amines in individual proteins. In other words, the larger the surface-exposed regions and the more biotin-reactive free amine residues there are, the more biotin molecules are present per protein, and thus, the denser the band is. On the contrary, proteins with smaller surfaceexposed regions and/or few biotin-reactive residues, such as OMP-1/P28 family proteins, are weakly labeled and generate lighter biotin bands. This is consistent with our previous finding by immunogold transmission electron microscopy with the P28-specific antibody, which showed immunogold particles bound very close to the E. chaffeensis outer membrane lipid bilayer (33) . This immunoprobe labeling pattern is distinct from the surface antigen labeling of some other rickettsial pathogens such as Orientia tsutsugamushi (43) . Considering the 2-D prediction of the amphipathic ␤-barrel structure, the integral OMP-1/P28 outer membrane family proteins may have a key function as porins in bacterial metabolism similar to that of the major ␤-barrel protein P44 (Msp2s) of A. phagocytophilum (21) . In contrast, heavily Sulfo-NHS-LC-Biotin-labeled E. chaffeensis surface proteins such as the 47-, 55-, 60-, 75-, 80-, 90-, 120 (perhaps E. chaffeensis surface protein gp120 [39] )-, and 200-kDa proteins may play important roles in bacterial binding and internalization of host cells. In fact, gp47 and gp120 have been proposed to function as adhesins in mediating bacterial binding to host cells (13, 39) . The GelCode bluestained band densities of Sulfo-NHS-SS-Biotin-labeled and streptavidin affinity-purified E. chaffeensis surface proteins more or less reflect the abundance of the protein (Fig. 2A) . In addition to the major surface proteins identified in this paper, the identities of other, relatively less abundant surface proteins with heavy biotin labeling, such as the 90-and 200-kDa proteins (Fig. 1) , deserve further investigation.
In conclusion, the identification of E. chaffeensis major surface proteins purified by the biotinylation method will greatly advance the knowledge of E. chaffeensis surface components and set the foundation for future studies on the Ehrlichia-host interaction. Future studies will be aimed at characterizing the biological functions of the newly identified E. chaffeensis surface proteins.
